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Abstract. A mechanism is considered for generating doorway states and inter- 
mediate structure in low-energy nuclear reactions as a result of collectivization of 
widths of unstable intrinsic states coupled to common decay channels. At the limit of 
strong continuum coupling, the segregation of broad ("super-radiating") and narrow 
("trapped") states occurs revealing the separation of direct and compound processes. 
We discuss the conditions for the appearance of intermediate structure in this process 
and doorways related to certain decay channels. 
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1 Introduction 



Apart from the two extremes of nuclear many-body dynamics, very narrow 
compound resonances and broad single-particle or giant resonances, nuclear 
cross sections exhibit other structures in between. The intermediate structures 
are related to more organized dynamics of nuclei as compared to the chaotic 
motion at the compound stage. There is a large variety of possible motion that 
gives rise to a diversity of intermediate structures. 

The intermediate structure resonances in the nuclear cross sections have 
usually widths that are satisfying the following inequality: 



Here Tg denotes a width of a typical compound state, Fg.p. that of a single- 
particle resonance, and Fin of the intermediate structure resonances. 

Intermediate structure was often studied in the past using various approaches 
[1, 2, 3, 4, 5], recently with the aid of the ideas of quantum chaos and wavelet 
analysis [6, 7, 8]. In the present work we apply the super-radiant (SR) approach 
[9, 10] to show how the intermediate structure emerges naturally in the theory. 
The SR approach has been used in many different fields. For example, it was 
applied to problems in chemistry [11, 12], atomic physics [13], condensed matter 
physics [14, 10], intermediate energy nuclear physics [15, 16, 17], and most widely 
in the theory of nuclear reactions [9, 18, 19, 10], in particular to describe the 
chaotic dynamics of the compound nucleus and phenomena on the borderline 
of discrete and contimuim spectra in loosely bound nuclei [20, 21]. In the next 
section we will develop the SR formalism for some simple situations in order to 
arrive in a heuristic manner at the concept of intermediate structure. 

2 The SR mechanism and nuclear dynamics 
2.1 The effective Hamiltonian 

Following the standard projection formalism [22] , let us divide the Hilbert space 
of nuclear states into two parts, the {Qj-subspacc involving very complicated 
many-body states \q), and the subspace {P} of open channels |c). We use the 
notations Q and V for the corresponding projection operators onto the above 
subspaces. The total wave function of the system, 



F, « Fin < F, 



(1) 




(2) 



(3) 



(4) 
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and 

{E-Hpp)V\^) = HpqQ\^), (5) 

where we use the notations -ffpg = VHQ and so on. Eliminating the part V]^), 
we come to the equation in the Q-space, 

{E-nQ)Q\^)=Q, (6) 

with the effective Hamiltonian 

"^Q = Hqq + Hqp ^(+) _ jj^^ HpQ- (7) 

Here = E + iO contains the infinitesimal imaginary term +iO ensuring right 
asymptotic conditions for the continuum wave functions. 

The second term of the effective Hamiltonian (7) contains a real and imagi- 
nary part of the propagator 

emerging from the principal value (off-shell contributions) and the delta-function 
6{E — Hpp) (on-shell contributions from channels c open at energy E)^ respec- 
tively. The imaginary part, —{i/2)W, of the effective Hamiltonian is given by 

W = 2ttY, Hqp\c){c\Hpq. (9) 

c;open 

Thus, the effective Hamiltonian (7) in Q-space is non-Hermitian, 

Hq^H- (10) 

where the total Hermitian part H = Hqq is a symmetric real matrix that 
includes, apart from the original Hamiltonian of Q-space, Hqq, the principal 
value contribution of the QP-coupling and in realistic applications is given by 
the usual shell model, while the second part of (10) is anti-Hermitian. 

The observable cross section of the reaction a — > 6 is determined by the 
square of the scattering amplitude 

T^a^E) = J2i'^\HpQ\q) f—^L \ (q'\HQp\b). (11) 

qq' ^ ^ 99' 

Here the full propagator 

includes all interactions between the subspaces that guarantees the unitarity 
of the scattering matrix, S — 1 — iT. The eigenvalues oi H, £ = E — {i/2)r, 
are complex poles of the scattering matrix corresponding to the resonances in 
the cross sections. Here, however, one has to have in mind that the resulting 
picture in general can be complicated due to the interference of the resonances 
and dependence of the effective Hamiltonian on running energy E. 
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2.2 Single channel case 

To demonstrate in a simple way the effect of tlie anti-Hermitian term let us 
assume that only one channel is open. Then the matrix W, eq. (9), has a 
completely separable form, 

{q\W\q') = 2nAlAp, (13) 
where the amplitudes of the continuum coupling are 

= (q\HQp\c). (14) 

The rank of the factorized matrix W, eq. (13), equals 1, so that all eigen- 
values of W are zero, except one that has the value equal to the trace Fq of this 
matrix, 

ro = 5^(<?|W^|9)=27r^|A^|2. (15) 

Let us assume that the Hermitian part H of the effective Hamiltonian (10) is 
diagonalizcd, its cigenstates are \g) and the eigenvalues Eg are degenerate. Mak- 
ing the additional diagonalization ofW, we single out one superposition of the 
states l^f), namely the decaying state with the width (15). while the orthogonal 
states are still degenerate and stable corresponding to the zero eigenvalues of 
W. The special unstable superposition of the eigenstates is often referred to 
as the super-radiant (SR), in analogy to the Dicke coherent state [23, 10] of a 
set of two-level atoms coupled through the common radiation field. Here the 
coherence is generated by the common decay channel. The stable states are 
trapped and decoupled from the continuum. 

This result was obtained under strict assumptions. However, it is quite 
robust. In the eigenbasis \g) of the real part, the anti-Hermitian part is still 
factorized, the amplitudes A'^ are transformed to new values 

B'g = {g\HQp\c) (16) 

but the trace (15) is invariant. If the eigenstates |g) are not degenerate but 
the typical spacings D in their spectrum are small, D <C (7g), compared to the 
typical values of the unperturbed widths 

l'g=27r\B^f, (17) 

the qualitative picture is essentially the same [24]. Among the eigenstates of 
the total non-Hermitian Hamiltonian, there is still one broad state and the rest 
of the states are very narrow. In fact, one can start with the diagonalization 
of W [24] . In this doorway basis one state concentrates the whole width while 
the diagonalization of H in the orthogonal subspace defines the trapped states. 
The remaining Hermitian coupling transfers small widths to the trapped states. 
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2.3 General case 



The phenomenon of super-radiance survives in a general situation of N intrin- 
sic states and Nc open channels provided Nc <C N, if the mean level spacing 
D of internal states and their characteristic decay widths 7'^ satisfy the same 
condition as earlier, 

= ^ > 1. (18) 

In the opposite limit, k'^ <^ 1, the anti-Hermitian part is a weak perturbation 
that provides small widths to intrinsic states \g) converting them into isolated 

narrow resonances. In this limit the quantities (17) arc partial widths for a 
certain decay channel, and the total widths of resonances are given by 



r. = E^«- (19) 



As the parameters k"^ increase and reach the order of one, the influence 
of corresponding channels ceases to be a weak perturbation and the term W 
starts to dominate the dynamics. The resonances go over to the overlapping 
regime and their interaction through the common continuum channels leads to 
the restructuring of the complex energy spectrum, similarly to the formation of 
the Dicke coherent state. The picture in this limit simplifies with the primary 
diagonalization of W . Since the rank of this factorized matrix is equal to Nc, 
it has only Nc non-zero positive eigenvalues Ws, s = l,...,Nc. As it is easy 
to derive from eq. (13), these nontrivial eigenvalues are at the same time the 
eigenvalues of the Hermitian Nc x Nc matrix in the channel space, 

X''" = ^A^*A^. (20) 

The intrinsic space {Q} is now divided into the SR subspace \s) of dimension 
Nc and the subspace of trapped states \t) of dimension N — Nc that can couple 
to the continuum only through the Hermitian interaction Hst with the states 
\s) of the first class. In the regime of strong continuum coupling, the interaction 
between the two blocks is weak [24]. A simple perturbation theory gives small 
widths to the trapped states, 

Ws\-tist\ 

'*-^(Ae.,)^+t.^/4- 

For example, returning again to the one-channel case (s = 1, t = 2, N) when 
the only non-zero eigenvalue of W equals Wi = Fq, eq. (15), and the eigenvalues 
of H in the trapped block are e*, we have 

Wii=ei-^Fo, (22) 
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and the characteristic equation for complex energies £ takes the form 

f-^i + |ro-E^=o- (23) 

In the hmit (18), eq. (23) gives for the imaginary part of narrow states 

in agreement with (21). 

The segregation of the two classes of states can be interpreted as physical 
separation of the time scales corresponding to direct and compound processes. 
This separation of widths was noticed [25] in numerical calculations and ex- 
plained in terms of the effective Hamiltonian in [9] . The segregation picture in 
the complex energy plane becomes spectacular in the many-channel case [19]. 
The representing set of resonances in the complex energy plane at {nf^) ^ 1 
undergoes a sharp phase transition from the uniform cloud around the average 
small width to two well separated clusters, {N — Nc) trapped states near the 
real energy axis and A^c broad SR states. 



3 Doorways 

In order to sec the emergence of intermediate structure we consider a frequent 
situation when only a subset of intrinsic states {Q) connects directly to the {P} 
space of channels. The rest of states in {Q} will connect to {P} only when they 
obtain admixtures of these selected states of the first type. The special states 
directly coupled to continuum are the doorways^ \d). They form the doorway 
subspace {D} within {Q}, and the corresponding projection operator will be 
denoted here as V. The remaining states in {Q} will be denoted as \q). 
The decomposition of the full Hamiltonian now reads 

+ {Hpp + Hdp + Hpd). (25) 

Diagonalizing the operator in the upper line of (25) would give back the states 
\g) with the components of \d) mixed with \q) states. The two last items in the 
second line of (25) couple the states \d), and therefore all states \g), to the open 
channels |c). 

3.1 A single doorway 

We start with the case when there is only one important doorway state \d). The 
matrix elements of the effective operator W in the intrinsic space are now given 
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by 

{q\W\q') = 27Tj2{<l\HDp\c){c\HpD\q'). (26) 

c=l 

Under the doorway assumption, 

{q\HDp\c) = {q\d){d\HDp\c), (27) 

where {q\d) is the admixture of the doorway to the state \q). Whence, eq. (26) 
reduces to 

{q\W\q') = 27r{q\d}{d\q') ^ \{d\HDp\c)\^ . (28) 

c 

The matrix elements (2) are again separable, this time irrespective of the number 
Nc of open channels. The doorway state serves as a single Elter for coupling of 
the {Q} space to the open channel space. 

If the quantitative conditions for a super-radiant mechanism to work are 
satisfied (see the discussion below) we again find one broad state with a width 

r, = 2nJ2\m\'' E MHDP\c)f = 2n^\{d\Hnp\c)\^ (29) 

q c c 

Naturally, the width Fg is nothing but the total decay width, F^, of the doorway 
into all open channels. The picture is essentially the same as in the case of one 
channel although the mechanism is different. The rest of the states in {Q} 
remain stable in the limiting degenerate situation and have small widths if the 
degeneracy is not perfect. 



3.2 When is this picture vaUd? 

As we discussed, the criterion of validity is that the average spacing between the 
levels in {Q} is smaller than the decay width of such a state "before" the SR 
mechanism was set at work. In relation to that, we can consider the spreading 
width, r^, of the doorway state for the fragmentation into compound states \q). 
If Ng is the number of compound states in the interval covered by the spreading 
width, their average energy spacing is 

i 



Dq^^. (30) 

Before the SR mechanism was turned on, the average decay width of a typical 
\q) state was 

Tl =27r J2\mQp\c)\' (31) 

c 

that can be estimated as 

r 



Nq 



7 



Therefore, 

^ « i± « £4. (33) 

^« 

We conclude that the requirement for the SR doorway mechanism to be vahd 
can be formulated as 

> 1. (34) 

d 

This condition is often satisfied, compare with the discussion of a "broad pole" 
in Refs. [26, 27]. 

3.3 Total width of a doorway state 

Now we can show that the total observed width of a doorway state is in fact a 
simple sum of the continuum width F^, eq. (29), and the spreading width 
used for estimates in the previous subsection. 

The remaining states \q) of the {Q} subspacc play the role of the background. 
We can diagonalize this subset of {Q} and get the states {v) as the eigenvectors 
of Hqq and their unperturbed energies E^. Let the matrix elements of the 
coupling of the states \u) with the doorway state be 

(d\Hj,Q\u)=K. (35) 

Then the characteristic equation for the complex energies in the {Q} space is 
analogous to (23), 

^-Ed+iTl-Y^^^=0, (36) 

where is an unperturbed position of the doorway state given by the matrix 
element ((i|iJ£i_DM)- 

Under the condition of validity (34), the sum in eq. (36) can be considered 
in a standard way [28] . Substituting this sum by an integral with a mean level 
density p = l/Dq, we acquire the real shift A of the doorway state and its 
effective spreading width given by the "golden rule", 

ri = 2.^. (37) 

The standard expression (37) is valid as long as the spreading width (37) docs 
not exceed the energy interval AE within which the level density p and the 
coupling matrix elements /ij^ can be substituted by their average values [?, 30]. 
As a result, the doorway state is observed in the experiment that does not 
resolve the background structure of a resonance, 

£^ = E, + A-'-(tI + T^,). (38) 
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Here A and can be smooth function of energy taken in eq. (38) at a doorway 
centroid. We can mention also that if the background states have their own 
small contimmm widths 7 (for example, related to slow evaporation processes), 
one needs to substitute in eq. (38) by — 7 since the fragmentation of the 
doorway state depends on its real coupling to the background rather than on a 
total flow outside through the background. 

4 Examples 

4.1 Isobeiric analog state (IAS) 

The isobaric analog state (IAS), |^), is defined [31] as a result of action by the 
isospin lowering operator onto a parent state |7r) of a certain isospin T, 

\A) = const -T-Itt). (39) 

In a compound nucleus, the IAS is surrounded by many compound states of 
lower isospin r< = T — 1 . The Coiilomb interaction violates the isospin purity 
fragmenting the strength of the IAS over many states \q) that results in the 
spreading width F^ of the IAS. If located above thresholds, the IAS can also 
decay into several continuum channels that gives rise to the decay width F^. In 
heavy nuclei, usually 

T\ > F^. (40) 

For example, in the lead region, T\/r]^ « 2 [31, 32]. 

The SR mechanism is therefore relevant to this case providing a straight- 
forward explanation why the IAS appears as a single resonance with the decay 
width given by that of \A), 

rUs = '^M{A\HQp\P)\'- (41) 

4.2 Single-peirticle resonance 

Let us consider a single-particle state \(f>s.p.) that belongs to the space {Q} but 
has energy embedded in the continuum (above the decay threshold). Such a 
single-particle state couples directly to the continuum channels, often through 
a one-body mean field potential V. Due to the residual interaction, the single- 
particle state will be spread over complicated compound states. At low energy 
above threshold, the main coupling of the compound states \q) to the continuum 
channels takes place via the single-particle component (<^s.p.|9)- Thus, the state 
\<l>s.p.) serves as a doorway and therefore our discussion of the single doorway 
case applies to this situation. 
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This mechanism wiU produce a state with a large single-particle width given 

by 

T,.^. = 2nJ2\{<t>s.^.\V\c)f. (42) 

c 

This width should be identified with the width of single-particle resonances 
known in the framework of the optical potential in Feshbach theory [22]. The 
narrow neutron resonances enveloped by a single-particle resonances represent 
the trapped states. In the modern versions of the continuum shell model based 
on the effective non-Hermitian Hamiltonian [21], this approach, in the combi- 
nation with the spectroscopic amplitudes describing the spreading into compli- 
cated configurations, allows one to find the widths of individual resonances and 
the particle cross section as a function of energy. Here the threshold energy 
dependence of the width (42) cannot be ignored [24, 21]. 

5 Several channels and intermediate structure 

Here we return to the situation when the \q) states are coupled to a number 
of open channels in the {P} space, a typical situation in nuclear physics. In 
addition to the elastic channel, the compound states in many cases can decay 
to excited states in the daughter nuclei. 

The one-body decay channels can be described either as simple hole states in 
the daughter nucleus and a particle in the contiminm or collective particle-hole 
(p-h) excitations of the daughter nucleus with the nucleon in the continuum. 
As mentioned above, in such situations the number of open channels is small 
compared to to the number of compound states. This leads to the correlations 
in the matrix elements of W, and as a result we expect a number of resonances 
with the widths that are of intermediate size between the compound widths and 
the single-particle width. 

If \h) is a hole excitation in the daughter nucleus, and \p) the state of a 
nucleon in the continuum, the channel states can be presented as |c) = \h;p). 
Then the W matrix takes the form 

{q\W\q') = J2{q\V\h;p){h;p\V\<]')- (43) 

h,p 

Among the various configurations contained in the {Q} space there are the ones 
which have the particle-hole structure, 

\d) = \h;p), (44) 

with the bound single-particle state \p). These states are mixed into the rest of 

compound states with the amplitudes (q\h;p). This mixing will be dominated 
by the coupling of these components to the above defined channels \h;p). Then 
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the dominant contribution to the matrix elements in eq. (43) wiU be 



{q\W\q') = J2 {9\h;p){h;p\V\h;p) ■ {h;p\V\h;p){h;p\q'). (45) 

The sum here includes also the states with the same hole \h) but different particle 
states \p). 

Wc should stress here the difference between this case and the one discussed 
earlier of a single doorway and many channels. In the latter case, the matrix 
W was factorized as Wqq' = Uqa*, . In the present case the W matrix cannot be 
written in this simple form because each channel has its own doorway (s) \d), so 
that the form of the matrix W is 

Nc 

Wqq,^J2«'- (46) 

If Nc <^ Ng, we have correlations in W. This scenario of several open channels 
of specific nature leads to a cross section that exhibits resonances with widths 
Tint of intermediate size, Tq 4C Tint < Tg.p.. Such resonances were observed in 
nuclear reactions long ago [33, 34] and the cross sections were said to exhibit 
intermediate structure [35, 36]. 

Intermediate structure of a different type, even for a single channel case, can 
arise as a signature of the presence of intrinsic states of different degree of com- 
plexity. This is a time-independent description of the conventional multi-step 
dynamics. Let us assume that the doorway state \d) is coupled directly only 
with a subset {v) of intrinsic states. Those can be, for example, particle-hole 
states with a straight connection to the single-particle resonance. There exist 
more complicated intrinsic states |A) coupled with the p-h states through the 
matrix elements but decoupled from the doorway. This leads to the appear- 
ance of a hierarchy of spreading with the fragmentation of the first generation 
states Iv). The standard consideration shows that, for incoherent couplings h„\, 
the propagator G{E) = 1/{E — H) has in the p-h space matrix elements 

E-e^ + {i/2)Ti 

Here, along with the spreading width of the doorway state, eq. (37), the 
spreading width of p-h states appears, 

ri = 27r%^, (48) 

where D\ is the mean level spacing of the states |A). Due to the large density 
l/Dx, the widths (48) of different states {v) should, as a rule, overlap, so that for 
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their extraction from data one needs to perform additional statistical analysis, 
for instance along the lines of Refs. [6, 7, 8]. 

In some situations, several doorway states \d) appear separated by energy 
intervals larger than their total widths. The intrinsic states \q) couple to these 
doorways locally giving rise to spreading of doorways. According to the doorway 
hypothesis, the \q) states couple to the continuum only via the admixture(s) of 
the local doorways. Then the matrix W separates into several disconnected 
quadratic blocks of dimensions x along the diagonal, where is the 
number of states \q) contained within the spreading width of the doorway \d). 

For each such a submatrix, eq. (46) is valid, and the problem is reduced 
to that of the single doorway. The resulting picture is a series of resonances 
separated in energy with decay widths equal to the decay widths of individual 
doorways \d). 

6 Giant resonances 

Giant resonances in nuclei (or atomic clusters) give another example of similar 
physics [5] . Usually, the giant resonances are discussed in terms of collectiviza- 
tion of p-h configurations with identical spin-parity quantum numbers. The 
coherent residual interactions form a correlated state that carries much of the 
transition strength of a corresponding multipole operator. The giant resonances 
arc mostly located in the particle continuum decaying via particle emission to 
the ground and excited states in the daughter nucleus. 

Since the p-h giant resonance |G) is surrounded usually by a dense spectrum 
of 2p-2h and more complex configurations, the residual strong interaction will 
mix \G) with this background. Each of the resulting states denoted as |6) will 
contain the admixture {G\b) of the giant resonance. The mixed states \b) couple 
to the continuum. If we assume that the dominant coupling is that through the 
admixture of the giant state, then \G) serves as a doorway, and the matrix W 
is given by 

{b\W\b') = {b\G){G\b') ■ ^{G\V\c){c\V\G). (49) 

c=l 

Again, the matrix W for the background states is of rank one, and the SR will 
emerge with the decay width 

Th = 2n^\{G\V\c)\'. (50) 

c 

This is valid under the assumption that the energy spread of the background 
states \b) is small compared to their decay width, 

rl = 2nY,\{c\V\b)\^ (51) 
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As before, this condition can be expressed as 




(52) 



the spreading width of the giant resonance is smaller than its total decay width. 
When this condition is not satisfied, so that the spacings between the 2p — 2h 
states are larger than their decay widths , the situation of a single decay peak 
for the giant resonance might not hold. Still one could expect some bunching of 
background states to group in energy and have spacings within the group smaller 
than their decay widths fJ. Each such group then can be treated separately 
using the SR mechanism and appear as a single peak in the decay (or excitation) 
curve. Then one will observe intermediate structure resonances in the GR energy 
domain. 

7 Double humped potentials 

As a function of a collective coordinate, double (or even triple) humped po- 
tentials are often encountered, especially in heavy nuclei. For example, such 
structure in the dependence of collective energy on the quadrupole deformation 
parameter P2 corresponds to normal-deformed and superdeformed wells. The 
first potential is usually deeper, and the decay of intrinsic states \q) in this 
potential is hampered because they have to penetrate the double barrier when 
decaying to the continuum. 

The states defined in the first well can couple to a few states \d) in the 
shallower second potential that couples to the continuum through a single outer 
barrier. These states \d) serve as doorways for the decay of states \q) in the first 
potential well. Similar to the previous examples, the matrix W can be written 
in the form 



If the number of doorways \d) is small compared to the number of states \q), 
one should expect, as a result of diagonalization of the above matrix, several 
broader states with the rest of the states being narrow. 

An outstanding example are the fission isomers [37, 38, 28] in several heavy 
nuclei, such as ^*^Pu. The fission cross section in the neutron induced reaction 
on ^^"^Pu shows the structures with larger widths spaced several hundred eV 
apart, whereas the average spacing between the compound resonances is of the 
order of eV. This phenomenon is interpreted as a direct consequence of a double 
humped potential in the fission process of a compound nucleus. The energy 
spacings between the few excited (usually, collective - rotational or vibrational) 
states in the second shallower potential are larger than between the compound 
states in the deeper well. When the compound states in the deeper well are in 




(53) 
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the energy vicinity of the states in the second weh, they couple forming mixed 
states which, in turn, couple to the fission channel via the admixture of the 
state from the second well. 

In the formalism we apply in this work, the states in the second minimum 
are the doorways \d) for the decay of a compound state into the open channels, 
in this case the fission ones, |/). The matrix W for the compound states \q) in 
the vicinity of the doorway \d) can be written as 

(q\W\q') = {q\d){d\q')^\{d\V\f)\'. (54) 
/ 

After the diagonalization of this matrix, one will find a state with a considerably 
wider decay width than that of a typical compound state but of course smaller 
than a single-particle decay width. The situation repeats itself for each of the 
states in the second well. As a result, one will observe intermediate structure 
in the fission cross section. 

For the gamma decay from the second (superdeformed) well to the normal- 
deformed states, see [39] and references therein, the role of a similar doorway 
can be played by a collective multi-phonon state from the first well that has 
a large vibrational amplitude and therefore a noticeable tail stretched into the 
second well. 

8 Conclusion 

We have considered few examples justifying a generic qualitative picture of 
formation of doorway states and intermediate structures in various nuclear pro- 
cesses. The traditional theory of intermediate structure [1, 2, 3] considers usually 
statistical sequences in time of multi-step particle interactions with possible pre- 
compound (or preequilibrium) decay to the continuum. The present formulation 
emphasizes complementary aspects of underlying physics, namely those that fol- 
low from the strict quantum-mechanical description of complicated many-body 
dynamics generated by the mean field and residual interactions. The approach 
based on the effective non-Hermitian Hamiltonian rigorously predicts the ex- 
istence of different scales in the energy dependence of observed cross sections. 
These scales are defined by the intrinsic dynamics that combines collective (co- 
herent) and chaotic; (incoherent) features. The new collectivity responsible for 
the emergence of the doorways and related intermediate structure appears, un- 
der certain physical conditions, due to the factorized nature of corresponding 
terms in the effective Hamiltonian. This separability is deeply related to the 
properties of unitarity of the scattering matrix. In this way we obtain a supple- 
mentary description of many-body dynamics. 

Support from the National Science Foundation grant PHY-0555366 and the grant 
from the Binational Science Foundation USA-Israel is gratefully acknowledged. 
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